ABSTRACT: We propose a type of a quasi-equilibrium, which describes a convergence of the estuarine system towards a form whose planimetric orientation is along the prevailing winds. By using the microtidal Lake Illawarra in southeastern Australia as an example, we describe sediment convergent and divergent processes that induce such an equilibrium controlled by the complex configuration of the shoreline relative to the prevailing winds. For a complex estuarine sedimentary system with a mixture of noncohesive and cohesive sediments, alongshore distribution of fluvial or marine sand deposition and associated subaqueous morphology reflects alongshore redistribution of sediments from rivers and the tidal inlet. The orientation of the second-order polynomial trend surface of estuarine morphology is consistent with prevailing wind directions. Along the lake shore, there are extensive narrow flats mainly covered by fluvial or marine sands shaped by the prevailing winds. The implementation of the Delft3D flow model coupled with the SWAN wave model driven by idealized prevailing winds indicates the potential of sediment convergent and divergent transport at the embayment and promontory shoreline, which appears to be similar to the alongshore distribution of sandy sediments and the nearshore flats. Alongshore transport of sandy sediments is primarily induced by the wave refraction on the shore, while the currents are more effective in transporting fine-grained sediments such as mud or clay. Finally, we suggest a conceptual model that describes potential sediment transport of convergence and divergence on the embayment or promontory shoreline that is normal to the prevailing winds. Orientation of the estuary follows the convergence centre of sediment transport driven by the prevailing winds with the largest fetch. A quantitative threshold for such sediment redistribution may be determined in the future.
Introduction
Morphological equilibrium has been an important concept in geomorphology as well as for modelling morphogenesis (Dean 1991; Cowell et al. 1995; Woodroffe 1995; Wang et al. 2008; Moore et al. 2009; El and Douady 2011; Friedrichs 2011; Phillips 2011; Ranasinghe et al. 2012; Deng et al. 2014 Deng et al. , 2015 Deng et al. , 2017 Nanson and Huang 2016; Zhou et al. 2016; Carling et al. 2017) . The prevailing winds appear to be important in constraining estuarine mud sedimentation and erosion (Adlam 2014; Hunt et al. 2015) . However, wind-wave effects on sediment redistribution along the estuarine shore have not been described in detail within the literature on estuarine water bodies (Roy 1984; Roy et al. 2001) , and the complexity of sediment composition and bio-physical interactions in estuaries increases the difficulty of estimating sediment redistribution processes. The morphology of most estuaries is unlikely to reach a long-term averaged stable equilibrium due to ongoing sediment input into the estuary and changing hydrodynamic, climatic and sedimentary processes (Woodroffe, 2003) . However, we consider it likely that the relatively stable large-scale morphology (i.e. estuarine orientation) may adopt a dynamic equilibrium aligning the longitudinal axis of the estuary with prevailing wind direction (s). We propose that geomorphological and sedimentological data, as well as hydrodynamic modelling, could be utilized to detect whether sandy sediment redistribution directs estuarine orientation towards such an equilibrium.
Previous researchers have suggested that elongated water bodies become segmented as a consequence of sediment redistribution by waves generated by winds blowing across the long fetch parallel to the main axis (Zenkovitch 1959) . Computer simulations have shown how cuspate spits can form when the winds are parallel to the longitudinal axis of such lagoons, and separation of the elongated water body can occur through growth of these spits creating a feedback on the wave climate by reducing fetch (Ashton et al. 2009 ). In the case of cohesive sediments, sedimentation in coastal lagoons seems to be fetch-limited. Vertical aggradation of the bed of an estuary appears to cease when the sediment resuspension threshold of waves is reached, preventing further deposition of fine suspended sediments and promoting progradation of the downwind estuarine margin instead (Adlam 2014 ).
Many studies have focused on wind effects on morphodynamic processes on intertidal flats (Friedrichs 1995; Fagherazzi et al. 2007; Fagherazzi and Wiberg 2009; Mariotti and Fagherazzi 2013; Hunt et al. 2017; Shi et al. 2017) . These studies emphasize the importance of wind-wave effects on estuarine morphodynamics; mechanisms of wave-induced sedimentary processes are already well described (Green and Coco 2014) . Winds along the estuarine longitudinal axis also have a marked impact on tidal asymmetry and the stability of tidal flats, affecting sedimentation in an estuary aligned with or against the prevailing winds (Hunt et al. 2015 (Hunt et al. , 2016 . This paper examines the possible existence of equilibrium estuarine orientation as a result of prevailing winds. We aim to demonstrate a wind fetch controlled equilibrium of orientation, by studying geomorphological and sedimentological evidence. This paper will also reveal the mechanism of such sediment redistribution effected by the complex shoreline configurations of Lake Illawarra in southeastern Australia. First, the spatial distribution of estuarine landforms is described, based on Quaternary geological mapping (Troedsen, et al. 2015) . The estuarine geomorphology is quantified using a hypsometric curve and histogram analysis. We then show how the wind fetch alignment appears to coincide with the estuarine topographic trend through application of geostatistics. To reveal sediment transport mechanisms for the landforms of the estuarine margin, wind-wave driven circulations are simulated by applying mechanistic numerical models. Finally, the paper discusses how analysis of geomorphology and hydrodynamics can support the hypothesis of equilibrium of estuarine orientation resulting from the prevailing winds at Lake Illawarra.
Regional setting
There are many barrier estuaries along the coast of New South Wales; each comprises a sandy barrier, a flood-tidal delta, a central mud basin and one or more fluvial deltas. Each has formed over the past few thousand years, depending on the initial bedrock and inherited Pleistocene topography, through the supply of sediment from the catchment by rivers or creeks, together with incursion of marine sands through a tidallyinfluenced entrance (Roy 1984) . Successive stages from youthful to mature can be identified by the degree to which this underlying topography is infilled by the fluvial sediment input together with marine sands brought in by tidal processes (Roy et al. 2001) . The evolution process may be nonlinear and inconsistent (Hinwood and McLean 2015) ; at mature stages, the river and the tidal inlet start to connect with each other, but vertical sediment aggradation in the central mud basin appears to become inhibited by wind-wave processes (Adlam 2014) . Wind-wave induced sediment redistribution processes affect the margin of the estuary, and could slow progradation of fluvial river deltas by dispersing sediments alongshore away from the river mouth.
Lake Illawarra is located approximately 80 km south of Sydney (Figure 1 ). The present geomorphology of Lake Illawarra results from infill of a shallow (30 m) valley system incised by two small rivers during previous low-stands of sea level (Sloss et al. 2005) . The initial drowned river valley transformed into a barrier estuary about 8000 years ago with a sandy barrier occluding the lake. During the mid-and late-Holocene the estuary has been characterized by further progradation of the sand barrier, decreasing marine influence, build out of fluvial deltas at Mullet Creek in the north and Macquarie Rivulet in the south, and ongoing deposition of estuarine muds. The tidal inlet at the southeast of the estuary formed with the growth of a coastal barrier, called Windang Peninsula, which cuts the estuarine water body off from the Tasman Sea (Figure 1 ). The back-barrier estuarine water body covers a water area of approximately 36 km 2 and has a maximum water depth of 3.2 m. The estuary is elongated in an approximately northeast-southwest direction. Sediment dispersion at the two major river mouths along the western margin is hypopycnal.
In the past, the energetic swells on this wave-dominated coast occasionally closed off the lake from the sea. When closed the lake water level did not vary with the tide, and when open the tidal amplitude, which can be up to almost 2 m on the open coast, was rapidly attenuated through the entrance . The estuary is hyposynchronous, and tidal plane analysis indicates that the tidal range within the lake is less than 0.3 m, after attenuation of tidal energy through the entrance (MHL 2012). Training walls have recently been constructed to keep the entrance open, and since 2007 the estuary has experienced a gradually increasing tidal regime, with scouring of the channel and growth of the flood tide delta (Young et al. 2014) . The catchment size is about 250 km 2 . The river flow is too small, so the hydrodynamics of the estuary depends mainly on the tides and the entrance condition (Hanslow et al. 2016) . During the past 200 years, land clearing and urbanization in the catchment have accelerated both estuarine mud deposition and fluvial delta progradation (Chenhall et al. 1995; Hopley et al. 2007; Sloss et al. 2011) .
Data and Methods

Data
The data utilized in this study includes a digital elevation model (DEM), near-surface geological data, and wind data. The digital elevation model was created by merging bathymetric data (source: Office of Environment and Heritage-OEH, NSW Government), and 5 m ×5 m gridded terrestrial LiDAR (light detection and ranging) data (source: Land and Property Information LPI, NSW Government). The horizontal spacing of the bathymetric data is between 50 m and 100 m. The bathymetric survey in Lake Illawarra was conducted between December 2007 and April 2008. The vertical accuracy of the LiDAR data is reported to be 0.3 m, according to the provided meta-data.
The estuarine surficial sedimentary environments were taken from the digital version of the NSW Quaternary geological mapping (Troedson et al. 2015 , Figure 1 ). These maps use the available geological map sheets by the Geological Survey of NSW for the bedrock geology, supplemented by detailed Holocene landform interpretation (undertaken as part of the NSW Comprehensive Coastal Assessment in 2007, and more recent mapping) using a combination of aerial photographs, LiDAR data and field examinations. There are three broad sedimentary environments recognized in NSW coastal Quaternary deposits, namely coastal barrier, estuarine plain and alluvial plain. In Figure 1 , the estuarine plain consists of three major depositional environments comprising fluvial delta, central mud basin and flood tide delta, according to the sand provenance from rivers or from the open ocean. The mud basin mainly includes clay, silty clay and clayey silt. Sediments forming the fluvial delta are primarily fine to very fine silty and/or clayey sands, whereas sediments in the flood tide delta are primarily fine to medium quartzose sands as well as silty and/or clayey sands.
Wind data was obtained from the Australian Bureau of Meteorology for the Port Kembla station to the northeast of the lake. Measured winds at Port Kembla consist of hourly wind speed and direction since 1991 (Figure 2 ).
Methods
Hypsometric and histogram analysis A hypsometric curve indicates the quantitative relationship between surface area and elevation (Boon and Byrne 1981; Moore et al. 2009; Hunt et al. 2015) . Similar to the twodimensional profile of the morphology whose elevation is a function of distance, the hypsometric curve shows elevations as a function of the cumulative water surface areas. The hypsometric curve below the mean water level can be described by the following equation:
where h is the maximum elevation and A is the maximum surface area. The horizontal surface area between a given elevational contour h and the maximum elevation contour H is expressed as a. The function f to approximate the hypsometric morphology is usually given in the equations below (Boon and Byrne 1981; Moore et al. 2009; Hunt et al. 2015) :
and
The empirical parameters r and γ represent the curvature and overall shapes of the hypsometric curve. The hypsometric Geo-statistical decoupling and analysis Hypsometric curves quantify the overall estuarine morphologic shape. The estuarine and coastal morphology is also formed by processes operating at different spatial and temporal scales, enabling a hierarchical approach to geomorphology (Cowell et al. 2006; Werner 2014) . In order to characterize the morphology of these large-and small-scale morphological features, the estuarine elevation of each data point h is decoupled into two components:
where x, y are the coordinates of the data point, m (x, y) is the geospatial mean of h (x, y) representing the trend surface of morphology, and ε(x, y) is the morphological variation (small scale) around the geospatial mean. The geospatial mean can be described by the polynomial function representing the apparent trend of the morphology:
where a, b, c, d, e, f are coefficients. The variation component ε(x, y) is statistically described by the semi-variogram (Olea 1999; Legleiter 2014) . The semi-variance γ(d, θ) is a threedimensional function of the data space defined by the direction θ and the separation distance d of the elevation data points. For a given data space defined by the direction θ 0 , the semivariogram is calculated by using the equation below:
In the case of stable semi-variance with the increasing separation distance d, the covariance of the elevation data approaches zero, so the elevations of data points are not correlated in a statistical sense (Olea 1999) . The interpretation of form and process involves characterization of the morphology and the processes. The semi-variogram approach has been able to provide spatial information of morphology and characterize the morphological pattern, assisting in the interpretation of both form and process (Legleiter 2014) . The spatial variability here represents the morphology resulting from sediment redistribution from river and tidal inlets.
Numerical modelling of waves and currents Numerical modelling of hydrodynamics driven by winds and waves provides process information on sediment transport for morphological formation. The wave refraction pattern can indicate the alongshore sediment transport direction of convergence and divergence. As the carrier of suspended sediments, the current structure at the estuarine-scale provides an indication of fine-grained sediment transport directions. The wind information is synthesized from hourly wind data for the numerical experiments. The wind velocity W has been projected into the wind speeds in the east-west W e and north-south W n . The representative wind direction W d is calculated by using the equations below rather than a simple average of all wind directions (Figure 2 ):
In these equations, m denotes the total number of time-series wind data.
The representative wind directions from Equation (7) were then used to drive the state-of-art wave model SWAN (Simulating Waves Nearshore; Booij et al. 1999) . The process-based model Delft3D software (Lesser et al. 2004 ) was used to generate a rectangular mesh grid and set up parameters for the SWAN model. The resolution of mesh grids for wind-wave modelling was between 50 m and 160 m. These rectangular grids cover only the estuarine lake area. For simplicity and clarity, we only used the SWAN wave module coupled with the 2DH (2 Dimensional Horizontal) current module of the software to obtain processes of wind-wave generation and transformation, as well as windwave driven estuarine circulation structure. The influences of river and tide on the hydrodynamics are limited to within about 1 km of the river mouths and tidal inlet (Roy et al. 2001) . When the wind-wave induced sediment fluxes are stronger than river fluxes, the shoreline morphology is wave-dominated (Nienhuis et al. 2015) . The numerical experiments only consider the case that the wind effects are dominant over the rivers and tides at the estuary-wide scale. The waves and circulation patterns are all stationary with a steady force of wind. The Chezy roughness parameter is a spatially uniform value of 65. Winds with a speed of 10 m/s and wind directions of NE and SW were also distributed uniformly to investigate the standardized flow dynamics, from the wind analysis by applying Equation (7). A constant wind speed was set for the numerical experiment to reveal the pattern of wave refraction and currents driven by the prevailing winds.
A potential longshore sediment transport direction is estimated by comparing the shoreline orientation and the oblique wave approaching angles (USACE, 1984) resulting from the wave simulation. The equation below is the CERC84 formula to calculate longshore sediment transport rate Q ls (in units of m 3 /s):
where K is an empirical coefficient which can be calibrated by local environmental data, g is gravitational acceleration, ρ s (=2650 kg/m 3 ) is the density of sand, ρ (=1025 kg/m 3 ) is the density of saline water, λ b is the breaker index, often taken to be 0.78, aα (=0.35 in this study) is the porosity index of sand, H b H b is the significant wave breaking height, and θ b is the incident wave angle at breaking. The required input parameters (H b H b and θ b ) for the above formula come from either field measurement or numerical modelling. From Equation (8), the direction of longshore sediment transport capacity is purely determined by the incident wave angles. The amplitude estimation of longshore sediment capacity is usually significantly overestimated, but the direction is more reliable and theoretically sound (Zhang et al. 2013; Soomere and Viška 2014) . The divergence and convergence of sediment transport indicate erosion and deposition, respectively (Soomere and Viška 2014) . Therefore, we only consider the direction of longshore sediment transport capacity, which is a function of the wave refraction pattern based on the CERC84 formula of Equation (8).
Results
Spatial distribution of morphology
It was found that zones covered primarily by the fluvial or marine sandy sediments (Figure 1) , are shallow, narrow, and 2918 J. DENG ET AL.
account for about 30% of the water area. Furthermore, the subaqueous isobaths of marine delta deposition tend to be parallel to the northeast and southwest winds (Figures 2 and 3) . On the southeastern estuarine lake shore, the zones covered by marine sandy sediments are narrower than in the northern section of the marine delta zones, which could be a result of confinement by bedrock. In the vicinity of the Mullet Creek mouth, isobaths of the fluvial delta seem to be dispersed in a northeast direction, filling the embayment, following the southwest winds. The topography at the front of the Hooka and the diverted Mullet Creek delta seems to almost follow the dominant northeast wind direction. Near the mouth of Macquarie Rivulet, the fluvial sandy sediments appear to be dispersed from the river mouth to the shallow shores around the prograding river delta (Figures 1 and 3) .
The extensive subaerial Holocene alluvial deposition surrounding the estuarine lake has an elevation of up to 2 m above mean estuarine water level. It shares the same peak frequency of 2 m elevation as the barrier deposition morphology (Figure 3(b) ), which may suggest a morphological consistency from the catchment to the open coast.
The overall morphology
The polynomial trend surface analysis of estuarine depths is capable of reflecting the large-scale morphology and estuarine orientation. Sediment redistribution from rivers and the tidal inlet would result in changes of the overall morphology. The centre of the elliptical trend surface is located 1 km north of the centre of the lake, which is a result of more rapid delta progradation of Macquarie Rivulet than of the Mullet Creek delta (Figure 4(a) ).
Moreover, the morphological variations seem to also coincide with the prevailing wind directions. The directional experimental semi-variogram suggests a high spatial correlation between the residuals of water depth and the lake orientation, where the ratio of the longest range to the shortest one is 1.57 (Figure 4(b) ). Furthermore, there appear to be many long stretches of similar residual values aligned with the main lake orientation (Figure 4(a) ). These variations seem to have similar locations to the delta sand distributions in Figures 1 and 3 , but statistically appear to be consistent with the prevailing wind directions. The experimental semi-variogram shows a range of about 2000 m, reflecting the compartmentalized morphological similarities. The remarkable coincidence of the lake orientation, the quadratic trend surface, and the experimental semi-variogram is interpreted to reflect a certain equilibrium configuration.
Potential alongshore sediment transport
The stationary waves and currents produced by SW and NE winds are given in Figure 5 and Figure 6 . The sediment convergence and divergence by estimating potential wave-induced alongshore sediment transport direction is also roughly indicated by the arrows. In the central basin, the significant wave height is the largest, and the mean wave directions follow the wind direction. At the estuarine shores that are oblique or parallel to the wind direction, the significant wave heights decrease with the shallowing water depth, and the mean wave directions tend to transform to be perpendicular to the shoreline ( Figure 5 ). Hence, the oblique incidence wave-induced potential alongshore sediment movement always follows the wind directions when the shore is almost parallel to the prevailing winds. Divergence of potential alongshore sediment transport is expected to occur on promontories facing the wind direction, such as on the front of the Macquarie Rivulet delta. This divergence is also indicated by the Google historical aerial photographs from 2006 to 2016 (Figure 7 ). In the case of southwest winds, alongshore sediment transport tends to move the sediments from Mullet Creek in the west, and transport marine sediments from the tidal inlet, towards the northeastern embayment, called Griffins Bay.
The wind-wave driven currents primarily develop at water depths of less than 1.5 m in the west and east of the estuarine lake. The current directions driven by the winds and waves are consistent with the wind directions. When the current reaches the southern or northern end of the lake, the currents start to converge, and then are directed to the opposite direction of the wind (Figure 6 ). The wind tends to bring the sediments alongshore towards the downwind direction, while the offshore current occurs when the wind-wave driven current converges at the embayment. As the entrance to Haywards Bay is generally shallower than Koona Bay, the currents along the western shore converge at Koona Bay ( Figure 6 ).
Discussion
An equilibrium configuration and the feedback In Lake Illawarra the equilibrium orientation is a quasiequilibrium, which means convergence of the estuarine system towards the form whose planimetric orientation is along the prevailing winds. The equilibrium of estuarine planimetric orientation is found to result from fluvial and marine sandy sediment redistribution. Such sediment redistribution induces nearshore narrow sand flats extending from the river mouth and tidal inlet. The gentle hypsometric curve near the zero elevation in Figure 3 reflects such sediment redistribution of fluvial and marine sediments. As a result of such geomorphological distribution, the overall estuarine morphology thus has a consistent orientation with the prevailing winds, from the polynomial trend surface of the estuary morphology in Figure 4 . The obvious morphological variations appear to exist on the nearshore flats covered primarily by fluvial or marine sandy sediments, often with a mixture of cohesive sediments. The driving mechanism of sediment redistribution is illustrated as a conceptual diagram in an idealized environment, where the prevailing winds are normal to the embayment or promontory shorelines (Figure 8 ). Both sediment divergence and convergence processes shape the estuarine shoreline, so that the estuarine landform tends to evolve towards the quasiequilibrium landform that is aligned with the prevailing wind directions. Sediment divergence occurs on promontory shorelines, and convergence occurs in embayment shorelines. Previous work has indicated that alongshore transport of noncohesive sediments is driven by the prevailing winds (Zenkovitch 1959; Ashton et al. 2009 ). Such sediment redistribution of non-cohesive sediments is consistent with the diagrams given in Figure 6 and Figure 8 . For river deltas on open coasts non-local swell waves may change as deltas and the shoreface morphology evolves, whereas within semi-enclosed water bodies the wind fetch is the main driving factor as there are no swell waves. At shores that are almost parallel to the winds, the alongshore sediment transport of non-cohesive and cohesive sediments follows the wind direction. When a fluvial delta progrades oblique to the prevailing winds, sediment redistribution from a river mouth follows the wind direction, as seen on the Mullet Creek delta. On the contrary, at promontory shorelines that face the winds, the wave transformation processes tend to create a sediment divergence centre, such as at the front of the Macquarie Rivulet delta.
When the currents converge, there are return currents at the convergent centre for suspended (i.e. cohesive) sediments. The sedimentological evidence in Figure 1 almost coincides with the wave-induced alongshore sediment transport in Figure 5 , but does not show any sediment deposition from the return currents in Figure 6 . This difference may mean that the return There appears to be a feedback between the wind fetch distance and the sediment convergence and divergence process. Divergence promotes erosion and increases the fetch. The increased fetch, which enhances the sediment dynamics, can further increase the erosion on the promontory shoreline. The convergence of sediment transport can induce sediment deposition that reduces the fetch. The reduced fetch would weaken the sediment dynamics and cause sediment deposition in the embayment. The feedback promotes formation of the quasiequilibrium configuration of estuarine planimetric orientation. Such feedback of estuarine shoreline change differs from that in the central basin described by Adlam (2014) . Adlam (2014) suggested a feedback between lateral shoreline progradation and fetch-influenced vertical accretion. Lateral shoreline progradation could reduce the wind fetch distance, and thus weaken the wave effects that inhibit sedimentation in mud basins. The presented conceptual diagram (Figure 8 ) further explains the shoreline configuration of the estuaries influenced by the winds. The shoreline changes are affected by sediment convergence and divergence processes, which are controlled by the prevailing wind directions.
Is long-term forcing information needed?
The present geomorphology of Lake Illawarra is hypothesized to result from a dynamic equilibrium driven by the relatively stable statistical distribution of wind climate. The wind driven sediment redistribution processes have dominated over the fluvial and marine sediment transport processes during past centuries. But, there is no observed wind, river, tidal and other forcing data for past centuries to millennia. The initial morphology is also difficult to obtain. Recent geomorphological evidence, based on aerial photographs, shows that the evolution of the Macquarie Rivulet delta has slowed down during recent decades after rapid progradation during the last two centuries (Hopley et al. 2007) . The alongshore sediment dispersion is evident from historical Google images (Figure 7) , which may be due to the channel avulsion that has happened several times since the early 20th century. Also, there is a lack of wind data before 1990. However, the sedimentological evidence from the Quaternary geological map supports the pattern formed during past centuries, indicating possible alignment of the estuarine orientation to the dominant winds.
Consideration of complex estuarine sedimentary environments
The wind distributions at other sites may be more variable than the wind rose at Port Kembla, so the wind-wave driven sediment dynamics are not concentrated in particular directions. The embayment may also have large oblique angles to the prevailing winds, and there may have been an interruption of sediment transport processes due to the complex shoreline configuration. The convergence centre might not be exactly at the location with the largest wind fetch ( Figure 5) . However, at the spatial scale of the entire estuarine water body, the potential sediment transport would generally follow the wind directions. The sandy sediment could be transported more easily when it is not mixed with cohesive sediment and plant remains. Furthermore, climate change, with associated sea-level rise may increase the water area and wind fetch distances. Human activities of land clearing for agriculture, urbanization and industrialization may also increase sediment fluxes from the catchment (Sloss et al. 2011) , whereas construction of sediment retention ponds will decrease sediment fluxes (Syvitski and Kettner 2011) . The quasi-equilibrium system defined here is a wind-dominated system. When the river flux is smaller than the wind-wave driven sediment flux, the estuarine shoreline evolution is dominated by the wave-driven sediment dynamics (Nienhuis et al. 2015) .
Therefore, not every estuarine landform is aligned with the prevailing wind directions. In addition to Lake Illawarra, alongshore redistributed sediments can be observed in other estuaries in NSW, based on orientation of tidal inlets and rivermouth levees from the Quaternary geology map (Troedsen et al., 2015) , such as Swan Lake, Tuggerah Lakes and Lake Munmorah. At Tuggerah Lakes (Figure 9 ), sediment convergence can be observed at the southwest and northeast of the lake. There seems to be no obvious divergence of sediments at the river delta of Ourimbah Creek delta, which may be due to the fact that the fluvial delta is not normal (i.e. almost perpendicular) to the prevailing wind directions, presuming that the wind directions are similar to those in Lake Illawarra. There are also other estuaries that are aligned with the prevailing winds because of the geological bedrock structure, such as Lake Waingaro on the North Island of New Zealand (Hunt et al. 2015) . In this case the geological bedrock structure created the boundary for the sediment transport processes. The segmentation between Budgewoi Lake and Tuggerah Lake is also mainly due to the geological bedrock structure. The effect of winds on sediment redistribution as indicated in Figure 8 also requires sufficient sediment supply from the catchment and open ocean. The influence of winds on the estuarine orientation is thus constrained by the geological structure and sediment availability for alongshore redistribution, in addition to the wind directions, strength and fetch distance. Nevertheless, the wind driven sediment redistribution processes given in Figure 8 can be observed at many other estuaries, and such persistent processes would be able to affect the estuarine planimetric orientation.
Conclusions
This work provides geomorphological, sedimentological and hydrodynamic evidence of sediment redistribution processes driven by the prevailing winds at Lake Illawarra, as an example of wind-wave driven equilibrium of estuarine planimetric orientation. The following conclusions can be drawn.
1 The prevailing winds are inferred to shape the primary orientation of barrier estuaries. Where there is sufficient fetch and wind-wave forcing is large enough to transport fluvial and marine sediments alongshore, an estuary adjusts in a dynamic equilibrium. The nearshore morphology appears to be gentle and narrowly distributed alongshore away from river mouths and the tidal inlet, driven by the prevailing wind directions. As a result of such geomorphological development, the overall estuarine hierarchical morphology thus has a consistent orientation with the prevailing winds. 2 The sediment redistribution processes favouring such equilibrium are illustrated by the schematic diagram (Figure 8 ). The bedload and suspended sediments tend to converge in embayments, and diverge where there are promontories facing normal to the prevailing winds. Wave-induced alongshore sediment transport plays a dominant role in redistribution of fluvial and marine sands, whereas currents are more responsible for movement of fine-grained sediments such as mud or clay. 3 Despite a shortage of historical data, geomorphological and sedimentological information provides a means to infer long-term residual sediment transport, without implementing long-term complex sediment transport modelling. Numerical experiments by implementing long-term process-based mechanical models would be needed when hierarchical processes forming such estuarine equilibrium orientations need to be indicated. Further research may demonstrate that there is a quantitative threshold for such sediment convergent and divergent processes.
